Thioredoxin reductase (TRR1) is an important component of the thioredoxin oxidative stress resistance pathway. Here we show that it is induced during oxidative and nitrosative stress and is preferentially localized to the mitochondria in Cryptococcus neoformans. The C. neoformans TRR1 gene encodes the low-molecularweight isoform of the thioredoxin reductase enzyme, which shares little homology with that of its mammalian host. By replacing the endogenous TRR1 promoter with an inducible copper transporter promoter, we showed that Trr1 appears to be essential for viability of this pathogenic fungus, making it a potential antifungal target.
In addition to its importance in defense against oxidative stress, the thioredoxin system of bacteria, yeast, and mammals is involved in regulating DNA synthesis, gene transcription, cell growth, and apoptosis (1, 12) . Thioredoxin reductase, a flavoenzyme homodimer which binds flavin adenine dinucleotide and NADPH, reduces the oxidoreductase thioredoxin and is found in two forms throughout all five kingdoms. The high-molecular-weight isoform, which most likely evolved from glutathione reductase rather than the prokaryotic thioredoxin reductase (17) , is present in mammals and some parasites, while the low-molecular-weight isoform is found in most bacteria, plants, and fungi (6) . These two isoforms are thought to have independently evolved to having similar substrate specificity profiles. Though these isoforms have similar functions, they have very distinct protein structures; therefore, thioredoxin reductase may be a selective drug target for those pathogens harboring the low-molecular-weight form.
Through BLAST homology results determined using Saccharomyces cerevisiae Trr1, we have identified one thioredoxin reductase gene in C. neoformans. It encodes an enzyme of the low-molecular-weight form and is more similar to TRR1 than to TRR2 of S. cerevisiae (61% compared to 58% identity), since it lacks the N-terminal mitochondrial signal sequence found in TRR2. We have also sequenced the cDNA of the TRR1 gene from strain H99, a C. neoformans var. grubii clinical isolate, and have submitted the coding sequences to GenBank (accession number AY796185). The TRR1 gene of C. neoformans contains seven exons and encodes a 343-amino-acid protein.
Thioredoxin reductase has been studied in many organisms, including bacteria and fungi. Increased transcription of the thioredoxin system genes in Staphylococcus aureus is observed with diamide, menadione, and t-butyl hydroperoxide but not hydrogen peroxide stress (19) . Both TRR1 and TRR2 are induced in response to H 2 O 2 stress in S. cerevisiae (5, 16) , while TRR1 is induced with menadione stress in S. pombe (7) and with peroxide stress in Kluyveromyces lactis (18) . In Candida albicans, TRR1 has been shown to be induced during H 2 O 2 stress and osmotic stress and during exposure to whole blood (3, 4) . By performing real-time PCR using actin as an internal control, we show that in C. neoformans, TRR1 is induced during both oxidative stress from H 2 O 2 and nitrosative stress from nitric oxide (Fig. 1) . Cells grown in yeast nitrogen base (pH 4) were treated for 2 h with the appropriate stress. RNA was isolated, cDNA was generated, and real-time PCR was performed as described previously (11) . Though TRR1 is induced more than 2-fold (1 log 2 ) with oxidative stress, we observe greater than 8-fold (3 log 2 ) induction during nitrosative stress. This may imply that the thioredoxin system is the primary defense against nitric oxide stress, while multiple systems may respond to hydrogen peroxide stress.
By fusing yeast enhanced green fluorescent protein (GFP) (GenBank accession U73901) to the 3Ј end of the thioredoxin reductase gene, we are able to show localization and expression of this enzyme in H99. Control wild-type cells not expressing GFP show a slight ring of autofluorescence around the cell surface (Fig. 2m to n) . During logarithmic growth in rich medium, Trr1 is localized throughout the cell (Fig. 2a to h ). It is preferentially localized to the mitochondria, but is also seen in the cytoplasm. In budding cells, Trr1 is more generally local-ized in the mother cell but is seen in the mitochondria in both mother and daughter cells. As C. neoformans, unlike S. cerevisiae, does not encode a separate mitochondrial thioredoxin system, it appears that the single thioredoxin reductase enzyme functions as both cytoplasmic and mitochondrial forms. By incubating this strain of H99 expressing the Trr1-GFP fusion protein with macrophages, we can also show that Trr1 is expressed when C. neoformans is phagocytosed (Fig. 2i to l) whereas wild-type H99 that has been phagocytosed by macrophages shows minimal fluorescence (Fig. 2o to p) . This helps support the hypothesis that thioredoxin reductase is important for the virulence of this fungal pathogen.
Multiple attempts were made to delete the TRR1 gene from H99, but double-homologous recombination was not achieved. After a few hundred isolates were screened, we hypothesized that TRR1 was essential for vegetative growth. To reduce the After obtaining stable transformants, we screened for homologous recombination of the promoter replacement construct by PCR. The resulting strain, P TRR1 ::P CTR4-2 , was then grown in the presence of copper to reduce the expression of the TRR1 gene. By use of real-time PCR, we detected a more than 23-fold reduction in TRR1 expression after a 2-h treatment with 25 M CuSO 4 (data not shown). As shown in Fig. 3 , P TRR1 ::P CTR4-2 grows on yeast extract-peptone-dextrose (YPD) with 200 M BCS just slightly slower than wild-type H99 whereas it is unable to survive on YPD with 25 M CuSO 4 . This suggests that thioredoxin reductase is necessary for the viability of C. neoformans. This result is not surprising, since thioredoxin reductase has been shown to be essential for erythrocytic stages in Plasmodium falciparum (8) and appears to be essential for growth in S. aureus (19) . But this is an important finding, since thioredoxin reductase has not been shown to be essential in any fungal organism or in any eukaryote harboring the low-molecular-weight isoform.
The S. cerevisiae genome encodes a full mitochondrial thioredoxin system in addition to its cytoplasmic system (15) , which could help explain why Trr1 is not essential in yeast. In addition to its extreme growth defects, the S. cerevisiae trr1⌬ mutant is very sensitive to H 2 O 2 and high temperatures and has a methionine auxotrophy (10, 14) . The thioredoxin reductase from P. falciparum is of the high-molecular-weight form but is still thought to be a good drug target on the basis of slight differences in the active site for which mechanisms of specific inactivation have been shown (2) . Since its structure is highly conserved across species and since most pathogenic microorganisms, including other fungi (9) , encode the low-molecularweight isoform, thioredoxin reductase would make an excellent drug target when its importance to viability is also conserved.
